Introduction
Coated, or encapsulated, powders have been in development and commerce for several decades. Metal-coated powders have been in development since fluidized bed coating of powders was initially developed for the production of nuclear fuel pellets for gas-cooled reactors in the late 1950's and early 1960's. Two different methods are currently being used for the preparation of metal-coated powders: sulfimate-plating baths ͑the older method͒, and chemical vapor deposition from carbonyl or other organometallic precursors carried out in a fluidized bed, which produces more uniformly coated fine particulates. Coated powder technology has only recently been placed into large-scale commercial products, consisting of coated fillers for electrostatic shielding ͑500,000 lbs./year͒, and thermal spray products ͑300,000 lbs./ year͒. To date, no modeling work has been carried out to establish the feasibility of plasma spray technology in producing composite coatings using coated powders.
Metals reinforced with rigid ceramic particles that do not enter into reaction with the matrix are referred to as discontinuously reinforced metal-matrix composites. The use of coated powder particles ͑composed of a ceramic core and a metallic coating͒ in the plasma spraying process has the potential for producing discontinuously reinforced metal-matrix composite coatings. These composites display better structural efficiency, reliability, and mechanical performance over their matrix material ͓1͔. In a metal matrix composite, the reinforcement also acts to change the micro-contact geometry of mating surfaces and, thus, the wear mechanisms, resulting in improved tribological behavior over the monolithic counterpart ͓2͔. Furthermore, particulate-reinforced metal-matrix composites are attractive because they exhibit near isotropic properties when compared to the continuously reinforced counterpart, besides providing the additional advantage of being machinable and workable ͓1͔. They can provide effective means of wear protection in many fields of industry where severe wear and high working forces are present at high temperature, especially if stiffness and low weight are primary considerations ͓1,3͔.
Tungsten carbide ͑WC͒ presents one of the best resistances to softening induced by temperature increase. Tungsten carbide films are very hard but also very brittle. Addition of cobalt can contribute to the toughness and therefore improve the compromise between hardness and toughness of the films ͓3͔. Moreover, it can serve as a binder and as a crack inhibitor. Tungsten carbide-cobalt ͑WC-Co͒ cermet composites are widely used in industry for cutting and boring tools and in hard facing applications.
Silicon carbide ͑SiC͒ whiskers or particulates are commonly used as reinforcement in aluminum-based alloys as a result of their high modulus, high hardness, low cost, easy availability, and limited reactivity with aluminum. The advantages of the resulting composite include dramatic increase in modulus, proof strength, and ultimate strength, increased elevated temperature strength, increased abrasion resistance, improved fatigue crack resistance, and improved creep rupture properties ͓1͔. The combination of properties offered by SiC-Al metal matrix composites shows potential for applications in automotive, aerospace, and defense industries.
Silicon carbide/nickel composite coatings are candidates for replacing cylinder liners, as the improved tribological properties of the composite make it suitable to coat the lubricated reciprocating contacts ͓2͔.
Quantitative knowledge of the thermal behavior of a particle in a plasma flame is essential in optimizing the process variables ͑such as current, voltage, gas flow rate, powder feed rate, target distance, etc.͒ to achieve uniform heating to the liquid state. Various researchers have previously modeled the thermal behavior of a single homogeneous particle in plasma. Fiszdon ͓4͔ accounted for non-uniform plasma conditions for a particle traveling along the centerline of the plasma reactor. Assuming steady plasma, Lee et al. ͓5͔ accounted for varying plasma properties and temperature jump, and investigated the effects of relaxation time, radiation transport, internal conduction, particle shape, and particle charging. Jog and Huang ͓6͔ modeled a single particle in steady plasma, and investigated the effects of gas ionization and particle charging by incorporating a model for production and recombination of electrons and ions. Wan et al. ͓7͔ accounted for the actual offcenterline trajectory of the particle by making use of the LAVA code to predict, under given power, the 3-D plasma gas field.
The primary objective of this work is to assess the suitability of the plasma spray process in developing particulate-reinforced metal-matrix composites. In other words, the aim is to determine whether under conventional plasma processing conditions this process is capable of melting the coating of these powder particles, without excessive evaporation, while retaining the base in the solid state. The coated particles WC-Co, SiC-Al, and SiC-Ni were considered, injected in an argon arc-jet DC plasma. The effect of the particle size and base/coating relative amounts on melting and evaporation of the coating was investigated. Furthermore, the feasibility of the process is assessed by determining a particle size range that for a given base/coating relative amount would result, under the given conditions, in an entirely molten coating without significant evaporative losses at the end of the particle flight.
To carry out this investigation, a model was developed based primarily on the work of the authors mentioned above. It employs features from the current literature to adequately model the inflight thermal behavior of moderate-size particles ͑10-30 m radius͒ under low loading conditions. Moreover, the enthalpy method was introduced to treat the phase change problem. This method eliminates the need to accurately track moving phase boundaries in modeling phase change problems such as melting or solidification.
The Model
The problem consists of two coupled sub-problems: The first is the plasma-particle interactions, which involves the exchange of heat, mass, and momentum between the plasma and the particle. In this part, the theories, correlations, and corrections of previous studies were adopted to model plasma thermal transport to moderate-size particles ͑10-30 m radius͒ under low loading conditions. The second problem is the thermal model for the particle, which involves heating, melting and evaporation of the coating of the particle. The enthalpy method was employed to treat the phase change due to its attractive simplicity and sufficient accuracy. The two sub-problems are coupled together through the particle radius and surface temperature.
The model was validated by comparing it against the model presented by Chen and Pfender ͓8͔ for alumina and tungsten particles entrained in steady argon plasma and the one presented by Lee et al. ͓5͔ for tungsten particles also entrained in steady argon plasma. Under these conditions, the developed model is in excellent agreement with the previously established models.
Plasma-Particle Interactions.
The model takes into account non-steady plasma conditions ͑assuming quasi-steady conditions͒ and makes use of the readily available steady-flow empirical correlations from the plasma heat transfer literature ͓9,10͔. The turbulent eddies of the plasma flow may cause the particle to travel in off-centerline trajectories, as studied by Wan et al. ͓7͔. However, Pfender and Lee ͓9͔ suggested that the range of dispersed particle motion is small for particles greater than 10 m in turbulent jets, therefore the turbulent dispersion was neglected in this model and a centerline particle trajectory was assumed. As suggested by Lee et al. ͓5͔ , the contribution of ion recombination becomes important only if frozen conditions prevail in the boundary layer, or if the molecular flow regime is approached. Since none of these conditions were encountered in the present study, the model neglects the effects of gas ionization and particle charging. Also, the simulation of a single particle could sufficiently represent the case of multi-particle injection under low loading conditions, for which the particle interactions with the plasma and between particles can be neglected. The detailed listing of the correlations used in this section can be found in the work of Demetriou et al. ͓11͔.
Momentum Transfer. The viscous drag force experienced by the particle is given by:
where r o is the particle outer radius, g is the gas density evaluated at the free-stream temperature, u r is the relative speed between the particle and the gas, and C d is the drag coefficient. The correlation for the drag coefficient was taken from Pfender and Lee ͓9͔, which takes into account property variation across the viscous boundary layer and corrects for velocity slip. The effects of thermophoresis and Basset history on the drag force were included but were found to be negligible as compared to viscous effects. The effect of blowing on droplet drag due to evaporation from the droplet surface was also neglected ͓12͔.
Heat Transfer. The convective heat flux out of the particle is given as follows:
where T w is the particle surface temperature, T g is the gas freestream temperature, k f is the thermal conductivity of the gas evaluated at the mean film temperature and Nu is the Nusselt number. The correlation for the Nusselt number is taken from Young and Pfender ͓10͔. This correlation takes into account the effect of varying properties across the thermal boundary layer due to temperature variation. It is corrected for temperature jump as suggested by Chen and Pfender ͓13͔. Moreover, the heat transfer coefficient (hϭNuk f /2r o ) is corrected for the effect of blowing as suggested by Mills ͓14͔.
Chen and Pfender ͓8͔ argue that the effect of radiation from the plasma to the particle is negligible compared to other heat transfer mechanisms. Therefore, the radiative flux leaving the surface of the particle accounts only for the particle radiative losses to the cooled wall confining the plasma, and is given by Lee et al. ͓5͔ as follows:
where is the emissivity of the particle and is the StefanBoltzmann constant.
The evaporative heat flux leaving the particle surface may be computed as follows:
where L evap is the latent heat of vaporization, and ṁ Љ is the evaporative mass flux which can be determined from the solution to the mass transfer problem discussed below.
Mass Transfer. The evaporative mass flux can be obtained from the following expression:
where f is the gas density evaluated at the mean film temperature, D vg is the mass diffusivity of particle vapor in pure gas and is computed using the kinetic theory of gases ͓14͔, and m v is the mass fraction of particle vapor in the gas mixture which can be related to its partial pressure. The partial pressures were approximated using the Clausius-Clapeyron relation ͓14͔. The Sherwood number, Sh, can be derived from a correlation analogous to the one for Nusselt number taken from Young and Pfender ͓10͔ by replacing Prandtl with Schmidt number. Because the effect of varying properties across the mass boundary layer due to temperature and composition variation has not been well documented, it will not be accounted for in this work. The effect of composition jump on mass transfer will also be neglected in this analysis.
Thermal Model for the Particle. The base ͑WC or
SiC͒ is taken to be a high temperature ceramic that melts invariantly at a temperature close to the boiling temperature of the metal coating. It is of vital interest to keep the process well below the boiling point of the coatings in order to retain some coating in the liquid state and build the MMC coating upon impingement with the target. Therefore it appears to be unnecessary to account for a phase transition of the base material, as it would not occur within the optimum particle temperature range for MMC coatings. Although the base and coating melting points are far apart, the two materials may react to form a eutectic at temperatures lower than the melting point of the metal coating. Hence, if sufficient interdiffusion takes place, liquid may first nucleate at the ceramicmetal interface, rather than at the outer boundary. This solid-state reaction would be initiated by solid-state diffusion, and since it is very slow as compared to heat diffusion, it is neglected. Although the solid-state reaction may not occur, dissolution of the carbide base into the liquid metallic coating may occur that could affect the heating and could lead to de-carburization of the powder. According to the study of Sobolev et al. ͓15͔, the dissolution process is expected to be limited by atom diffusion through the dissolution layer, and for the short time scales of the plasma spray process, the developed dissolution layer is expected to be too small for any significant de-carburization or any other thermal effect to take place.
The enthalpy method ͓16͔ is employed to treat the phase change problem. In the enthalpy method, the governing equations are reformulated in terms of the enthalpy. The advantages of this approach are that there are no conditions to be satisfied at the phase change boundary, and there is no need to accurately trace the phase change boundary.
Mathematical Formulation. For spherical geometry with conduction only in the radial direction, the governing equations for each physical state reduce to a single equation:
where H and T are enthalpy and temperature respectively, t is time, r is the radial coordinate in the spherical particle, and k are the particle density ͑assumed independent of temperature͒ and thermal conductivity respectively. There are two boundary conditions associated with the temperature field described by the above equation:
‫ץ‬T ‫ץ‬r
The initial condition associated with Eq. ͑6͒ is given by:
where c is the specific heat, T i is the initial temperature and T ref is arbitrary and determines the enthalpy datum. All particle properties used in Eqs. ͑6͒-͑9͒ above, k, , and c, are step-like functions of the location r within the particle because the particle material is taken to be inhomogeneous ͑consisting of a homogeneous base and a homogeneous coating͒. Therefore, the index j takes the value of the base property in the base region and the value of the coating property in the coating region, i.e.,
jϵ ͭ b rϽR i c rϾR i
where R i is the radius defining the base/coating interface.
Assuming constant specific heat in each of the physical states of the particle, the reference enthalpies for the coating material are defined as follows:
where c sc and c lc refer to the specific heat of the solid and liquid respectively, T melt is the melting temperature, and L fus is the latent heat of fusion. 
where equilibrium melting is assumed. The model presented above takes into account the effect of internal conduction resistance, although for certain materials, sizes, and conditions internal resistance can be neglected and a lumped thermal capacity model could be used.
Transient Temperature Distribution. The problem formulated in the enthalpy domain ͓Eqs. ͑6͒-͑9͔͒ is discretized in space and time using an explicit finite difference scheme based on the control volume formulation. The initial enthalpy of each control volume is computed using Eq. ͑9͒. The enthalpy change at every time step for each control volume is then computed using the finite difference form of Eqs. ͑6͒-͑8͒, hence the transient enthalpy distribution is formulated. In turn, using Eq. ͑10͒, the transient enthalpy distribution is transformed to the transient temperature distribution.
Moving Phase Boundaries. The solid-liquid phase boundary is traced by tracking the enthalpy of the material. The solid-liquid boundary will be contained in the control volume whose enthalpy lies in the region H SM рHϽH LM . The exact location of the boundary can be obtained by defining the solid fraction in that control volume. Assuming small enthalpy gradients in the vicinity of the melting location, the solid fraction can be approximated as:
For a solid-liquid boundary lying within the nth control volume, the radius of the solid-liquid boundary can then be computed from
The location of the liquid-vapor boundary is continuously moving due to evaporation. The liquid fraction in the outer control volume dV o during time step dt can be approximated as:
For 0рр1, the boundary control volume can be resized as:
Taking the outer control volume to be the nth control volume, the updated outer boundary radius can then be obtained from
If Ͻ0, the entire nth control volume has turned into vapor, and the outer boundary would be represented by the nϪ1 control volume.
Feasibility Study
From a manufacturing point of view, it would be interesting to know whether plasma processing is capable of producing particulate-reinforced metal-matrix composite coatings out of metal-coated powder particles. The problem boils down to whether these particles arrive at the target with the coating molten but not excessively evaporated, and the base retained solid. This particle state will be referred to as ideal. In order to investigate this, a set of conventional plasma spraying conditions will be assumed, as an input to the developed model, to compute the state of the coated particles at the end of the flight. If this typical set of plasma conditions is found capable of producing the ideal particle state over a range of particle sizes and base/coating relative amounts, then it can be concluded that plasma spray is a feasible process for producing MMC coatings. In other words, if a ''size window'' for processing the commercially available coated particles exists, then theoretically the operating conditions could be adjusted to achieve processing within this window.
3.1 Input Data. Plasma Spray Conditions. Atmospheric argon plasma was considered. The centerline temperature and velocity distributions for a free argon plasma jet reactor were interpolated from the data presented by Huang et al. ͓17͔ at 400 amps. Thermal properties of the plasma such as thermal conductivity, density, and specific heat as a function of plasma temperature were obtained from Chen et al. ͓18͔. Viscosity data for argon plasma were taken from Chen et al. ͓19͔.
Initially, the particle was assumed to be at T i ϭ300 K and to be injected at the plasma nozzle exit with an axial injection component of 10 m/s. The flight distance was taken to be Lϭ0.05 m. Particle Data. The particle outer radius for the coated particles considered was varied in the range 10 mϽR o Ͻ30 m. The interface radius R i , which defines the interface between the base and the coating ͑and therefore the base/coating relative amounts͒, was also varied in the range 0.
The properties of the two ceramic bases considered, WC and SiC, were taken from Touloukian and Buyco ͓20͔, and Shackelfold and Alexander ͓21͔, and are given in Table 1 . The properties of the three coating materials considered, Co, Al, and Ni, were taken from Touloukian and Buyco ͓20͔, and Alfa Aesar ͓22͔, and are given in Table 2 .
Model Output.
The results presented in this section are for a space step of drϭ0.1R o and a time step dt such that dt/dr 2 ϭ5ϫ10 3 s/m 2 for the SiC-Al particle and 1ϫ10 4 s/m 2 for the other two particles, and were determined to be converged. ͑These results were compared to the ones for drϭ0.02R o and were found to be indistinguishable. Note that the relatively coarse grid yields accurate results because temperature gradients are generally small.͒ The thermal response of 10-m radius WC-Co, SiC-Ni, and SiC-Al particles having interface radius of 8 m is shown in Fig.  1 plotted against their location inside the reactor. For this particle size temperature gradients are negligibly small for all three particles and the temperature shown actually stands for surface as well as the interior temperature. The highest temperature is attained by the SiC-Ni particle as nickel has the highest boiling point, followed by the WC-Co and finally by the SiC-Al particle. The temperature response of each particle, except for the SiC-Ni, suggests that the base is retained solid throughout the flight as the temperature attains a peak below the melting point of the base owing to intense evaporation. The case of the SiC-Ni particle was in doubt as the base slightly surpassed the invariant melting point of SiC at 2,818 K for about 100 s, attaining a maximum temperature at 2,867 K. As this time scale is most likely inadequate for an invariant melting reaction to be completed, no phase change of the base material was considered. The vaporization radius of the three particles is shown in Fig. 2 . Evaporation appears to become significant for all particles at nearly the same location. Although the aluminum coating melted much earlier as compared to the other two coatings, evaporation did not become important any sooner because its boiling point is as high as the other two coatings. The cobalt coating shows the least reduction in volume. It did not actually experience the least evaporative mass loss, but its high density yielded the observed small volume reduction.
The surface temperature of 30-m radius WC-Co, SiC-Ni, and SiC-Al particles having interface radius of 24 m is shown in Fig.  3 as a function of location in the reactor. For this particle size, temperature gradients in the WC-Co particle were small; however they became important for the other two particles as the silicon carbide base has a relatively low thermal conductivity as compared to tungsten carbide. This figure shows that under the same conditions, the aluminum-coated particle has completely melted at the end of its flight while the other two particles have not. This is shown clearly in Fig. 4 , which shows the history of the melting interface of each particle during its flight. This figure suggests that the melting interface in the aluminum coating propagated much faster as compared to the other two coatings. This is attributed to the fact that the aluminum coated particle melted earlier when the heat gains from the plasma were significantly greater. Figures 5, 6 , and 7 show the effects of varying the interface radius in the range 0.2рR i /R o р0.8 on a 20-m radius WC-Co, SiC-Ni, and SiC-Al particle respectively. The change in the interface radius has similar effects in the WC-Co and SiC-Ni particles. The quantity c for the base material is less than that for the coating material, so reducing the amount of the base material increases the time constant of the process and therefore slows down the heating of the particle. This effect is reversed for the case of a SiC-Al particle, as the quantity c for the base material is more than that for the coating. Moreover, it should be noted that particles with less coating material, i.e., of greater interface radius, take a shorter time to melt ͑as a result of a smaller associated latent heat sink͒ as compared to particles of smaller interface radius. In SiC-Al particles, the effect of latent heat sink opposes the effect of time constant resulting in a smaller overall effect of the interface radius, as compared to the other two particles in which the two effects yield an amplified overall effect.
For the chosen conditions, Fig. 8 represents a map of predicted particle size ranges for given interface radii that would yield the ideal particle state ͑i.e., the coating entirely molten with zero evaporative losses͒ prior to impingement with the substrate. This diagram shows, for a given interface radius, the largest particle size to accomplish complete melting of the coating and the smallest size to completely avoid evaporative losses. As expected, the aluminum-coated particle yielded a much wider range as compared to the other two particles due to the larger difference between melting and boiling points. Moreover, as suggested by Fig.  7 , the optimum size range for the SiC-Al particles appears relatively insensitive to the choice of the interface radius as compared to the other two particles. Figure 8 suggests that the given conditions would allow the use of large SiC-Al particles on the order of 50 m radius, but no greater than 25 m for the other two particles as incomplete melting or no melting would result. On the other hand, fine WC-Co and SiC-Ni particles can be used on the order of 17-and 19-m radius respectively without any reduction in volume due to evaporative losses, but no smaller than 24-m for SiC-Al.
Conclusions
In this work, the feasibility of plasma spray processing in producing particulate-reinforced metal-matrix composite coatings is evaluated. A numerical model is presented to analyze the in-flight thermal behavior and physical state of moderate-size particles ͑10-30 mm radius͒ in arc-jet DC plasma under low loading conditions. Under the chosen conditions, the particle base was retained solid throughout the flight as the temperature attained a peak below the melting point of the base for all the investigated particles. Reducing the amount of the base material resulted in slowing down the heating of the WC-Co and SiC-Al particles, however, the opposite and less pronounced effect occurred in the SiC-Al particle. The model suggests that for each particle an optimum particle size range exists for a given interface radius that would result in an entirely molten coating without significant evaporative losses. Overall, the model suggests that plasma processing is capable of melting the coating without excessive evaporation while retaining the base in the solid state over a range of particle sizes and interface radii, and hence it could be suitable to develop particulate-reinforced metal-matrix composites. 
